Adhesive bonding enables the joining of thin and dissimilar materials, which is one of the main requirements for manufacturing lightweight structures in the automotive and aerospace industries. However, due to the small thickness and complex microstructure of the adhesive layer, which is often reinforced with embedded heterogeneities to improve its mechanical behavior, simulating the damage process in the adhesive can be a challenging task. In this work, we implement a computational cohesive model to quantify the effects of microstructural features such as particles volume fraction, pre-existing flaws, and surface roughness of adherends on the failure response of a heterogeneous adhesive with embedded glass particles. The hierarchical interface-enriched finite element method (HIFEM) is implemented as the main computational engine for simulating the initiation and propagation of damage in the adhesive layer. This mesh-independent method allows for using finite element meshes that are completely independent of the problem morphology, which considerably facilitates conducting multiple damage simulations for adhesive models with different microstructural features. We also introduce a new virtual prototyping algorithm and integrate that with the HIFEM to enable the automated construction of realistic models of the adhesive microstructure based on digital data.
Introduction
Adhesive bonding offers several benefits over conventional methods of fastening, including a smooth exterior, sealing characteristics, reduced local stress concentrations (Hesebeck et al., 2007; Popelar and Liechti, 1997) , higher shock absorption (Yang et al., 2012) , better corrosion resistance (Sharland, 1987) , and ease of joining thin and dissimilar materials. Due to such advantages, the application of adhesive joints is constantly growing in engineering structures and particularly within industries seeking light-weight solutions (Marques et al., 2015) , such as the aerospace, automotive, and shipbuilding. Heterogeneities such as rubber, glass, and silica particles are often added to the polymeric adhesive matrix to improve its fracture toughness and provide multifunctionality (e.g., electrical conductivity) (Gojny et al., 2005; May et al., 2010) . Thus, in addition to chemical considerations, determining optimal microstructural features such as the type, volume fraction, size, and morphology of embedded particles is crucial to the design of adhesives for improving structural performance.
Identifying the effect of heterogeneities on the mechanical behavior and damage toughness of adhesives has been the subject of several experimental studies (Korta et al., 2015; Markatos et al., 2013) . To enumerate a few research works in this field, we can mention the study on the impact of silica particles size and volume fraction on the adhesive failure response (Imanaka et al., 2001; Hsieh et al., 2010) ; the characterization of the failure response of glass-filled adhesives with different surface treatments and moisture exposures Pearson, 2003a, 2003b) ; and the study on the role of nano-Al 2 O 3 particles on increasing the adhesion strength (Zhai et al., 2008) . However, a limited number of studies have employed computational techniques such as the finite element method (FEM) to quantify the impact of adhesives heterostructure on their failure response, which can be attributed to two key challenges in simulating this problem: the small thickness of the adhesive layer and its complex microstructure.
The considerably smaller thickness of the adhesive layer (ranging from a few hundred microns to a few millimeters) compared to other characteristic length scales of structural components such as aircraft wings and automobile frames hinders the application of a direct numerical simulation (DNS) approach for performing failure simulations (Bogdanovich and Kizhakkethara, 1999) . Thus, the concept of cohesive zone modeling (CZM) (Needleman, 1992; De Borst, 2003; Spring and Paulino, 2014; Sørensen, 2002) has been introduced and widely implemented as a surrogate model for the analysis of adhesive-bonded structures. In this method, the adhesive layer is replaced with a lower-dimensional manifold with zero thickness (e.g., a surface in a 3D model), which is discretized using cohesive elements with a given traction-separation (cohesive) law to approximate the damage initiation and progression in this layer (Gustafson and Waas, 2009; Khoramishad et al., 2010; Reinoso et al., 2012) .
While the CZM can significantly facilitate modeling structures with adhesive joints, the reliability of resulting simulations depends on the cohesive law adopted to describe the damage process in the adhesive layer (Alfano et al., 2015) . Phenomenological models are among the most common cohesive models used in the CZM, which can be categorized as non-potential and potential based models (Park and Paulino, 2011) . Although non-potential cohesive models are relatively easy to implement, one of their inherent shortcomings is the assumption of a constant fracture energy, regardless of the type of applied loads (Needleman, 1992) . In contrast, potential-based models implement an energy potential function (e.g., polynomial Freed and Banks-Sills, 2008 or exponential Xu and Needleman, 1993) to describe the damage process under displacement jump across the joints, which provides a more realistic methodology for simulating the failure response. A comprehensive review of various cohesive models, together with their applications and limitations is provided in Park and Paulino (2011) .
One of the main limitations of phenomenological cohesive laws is the lack of a physics-based description of the damage process, which thus cannot accurately capture the effect of the heterogeneous adhesive microstructure on its failure response. Alternatively, computational cohesive models have recently been implemented to alleviate this limitation by providing a more realistic description of the damage process in different loading conditions and linking the microscopic details of damage to the macroscopic behavior of the structure (Matouš et al., 2008; Kulkarni et al., 2010; Aragón et al., 2013) . The derivation of traction-separation laws for multiscale cohesive models relies on computational homogenization techniques (Kanouté et al., 2009) . In direct micro-macro homogenization method (Renard and Marmonier, 1987) , the constitutive law at each point of the macroscopic model is evaluated by simulating the mechanical behavior of a representative volume element (RVE) of the material assigned to that point (Miehe et al., 1999; 2002; Terada and Kikuchi, 2001; Chen et al., 2014) . The so-called FE 2 multiscale method, first introduced by Feyel (1999); Feyel and Chaboche (2000); Feyel (2003) , is among the methods adopted for simulating the failure response of adhesive joints (Kulkarni et al., 2010; Hirschberger et al., 2008 Hirschberger et al., , 2009 . In this method, an RVE is assigned to each quadrature point of finite element mesh discretizing the problem at the macroscopic level and a microscopic simulation is conducted to determine the constitutive behavior of the RVE. Recently, Mosby and Matouš (2014) have developed a hierarchically parallel FE 2 solver for the multiscale cohesive modeling of hyperelastic adhesives using more than one billion elements.
While implementing multiscale methods enables performing high fidelity damage simulations, incorporating the intricate microstructure of the adhesive layer in the computational model remains a challenge. The laborious process of creating realistic geometrical models of the adhesive heterostructure on the one hand and the requirement to generate finite element meshes that match (conform to) materials interfaces on the other hand hinder the straightforward application of the FEM for the treatment of this problem. A similar challenge is observed in simulating the physical behavior of several other materials systems with complex/evolving microstructures, which has led to the development of alternative numerical techniques such as the boundary element method (BEM) (Liu et al., 2011; Wang and Yao, 2013) , generalized/extended FEM (GFEM/XFEM) (Oden et al., 1998; Melenk and Babuška, 1996; Duarte et al., 2000; Daux et al., 2000; Sukumar et al., 2000) , and interface-enriched generalized FEM (IGFEM) (Soghrati and Geubelle, 2012) , Soghrati et al. for the mesh-independent modeling of such problems. The latter two methods rely on enriching the solution field in nonconforming elements cut by the materials interface using the partition of unity (GFEM/XFEM) or generalized interfacial degrees of freedom (IGFEM), which yields a similar performance as the standard FEM but without the need to create conforming FE meshes.
However, even with the aid of methods such as GFEM/XFEM and IGFEM, majority of the former computational studies aimed at quantifying the failure response of adhesives have used simplified microstructural models, often assuming circular/spherical shaped inclusions as embedded particles (Aragón et al., 2013; Mosby and Matouš, 2014) . Furthermore, parameters such as pre-existing pores, disbonded regions, and microscopic roughness of adherends surfaces, which can considerably increase the complexity of the computational model, have been overlooked in such studies. Thus, the resulting simulations may not fully capture the impact of the actual complex microstructure of the adhesive layer on the damage process. Note that due to the presence of materials interfaces that are in close proximity or contact in the adhesive microstructure, modeling this problem using GFEM/XFEM or IGFEM can still be challenging. This feature leads to difficulties for evaluating the enrichment functions associated with nonconforming elements cut by multiple materials interfaces, which complicates the implementation of such methods.
Recently, Soghrati (2014) has introduced the hierarchical interface-enriched FEM (HIFEM), which enables the fully meshindependent modeling and simulation of problems with complex geometries, while yields the same precision and convergence rate as those of the standard FEM. HIFEM implements a straightforward and yet general recursive algorithm for enriching elements cut by an arbitrary number/orientation of materials interfaces, which allows using simple nonconforming structured meshes that are completely independent of the problem morphology for discretizing the domain. This unique advantage considerably automates the modeling process for materials with intricate morphologies, which is an attractive feature for simulating the failure response of heterogeneous adhesives.
The current manuscript aims at quantifying the impact of microstructural features such as the morphology and volume fraction of embedded particles, pores created during the manufacturing process, and adherends surface roughness on the failure response of heterogeneous adhesives. The higher-order HIFEM (Soghrati and Barrera, 2015 ) is employed to simulate the initiation and progression of damage in the adhesive layer. A new microstructural characterization algorithm is also introduced, which combines the random sequential adsorption (RSA) algorithm (Feder, 1980; Pan et al., 2008; Kari et al., 2007) and the non-uniform rational basis-splines (NURBS) (Piegl and Tiller, 1987; Bhandari et al., 2007) to automatically generate realistic virtual models of the adhesive RVE. We will implement this integrated computational framework to perform a parametric study on the effect of the microstructural features enumerated above on the failure response of an epoxy adhesive with embedded glass particles.
The remainder of this article is structured as follows. Section 2 presents the formulation of the multiscale cohesive model, together with the isotropic damage model used for approximating the failure response of the adhesive. The integrated computational framework developed for the modeling of the adhesive microstructure and the mesh-independent simulation of the damage process is described in Section 3. In Section 4, we study the appropriate size of the RVE for performing damage simulations, followed in Section 5 by investigating the impact of the volume fraction of embedded heterogeneities on the failure response of the adhesive layer. Similar studies on the effects of the voids volume fraction and the adherends surface roughness are presented in Sections 6 and 7, respectively.
Problem formulation

Micro-macro formulation
Consider
⊂ R 2 as the macroscopic domain of an adhesivebonded structure with the boundary ∂ , which is divided into two disjoint subsets ∂ u and ∂ t corresponding to the prescribed displacementsū (Dirichlet) and applied tractionst (Neumann) boundary conditions, respectively. As schematically shown in Fig. 1 , the joint is partitioned into three sub-domains, = + ∪ A ∪ − , where + and − denote the upper and lower adherends, respectively, and A refers to the heterogeneous adhesive domain. Since the thickness l c of the adhesive layer is often considerably smaller than other characteristic length scales of the structure, it can be approximated as a lower dimensional manifold c (i.e., a 2D curve in this manuscript) with unit normal vector n. At each macroscopic point x M on c , we consider a representative volume element (RVE) with microscopic coordinates x m and periodic boundary conditions along its side edges.
To relate the macroscopic domain to the microscopic RVE of the adhesive layer, we employ a first-order homogenization approach by decomposing the displacement field u(x M , x m ) into the macroscopic and microscopic fields, i.e.,
( 1) In this article, macroscopic and microscopic quantities are distinguished with subscripts (•) M and (•) m , respectively. The strong form of the governing equations for evaluating the deformation response of the bonded structure is given by: Find u M and u m such that
where σ M and σ m denote the macro-and micro-stress fields, respectively. Following the linear kinematics formulation introduced in Matouš et al. (2008) , the macroscopic strain tensor M in the adhesive layer is given by
where
) is the macroscopic displacement jump.
Due to the considerably smaller thickness l c of the adhesive layer compared to other characteristic length scales of the structure, its contribution to evaluating the in-plane values of macro-strains ( M 11 ,
, M 21 , and M 22 ) leads to significantly smaller values compared to out-of-plane strains; thus can be neglected without introducing significant error. A qualitative study of the impact of in-plane strains is provided in Aragón et al. (2013) . The microscopic strain tensor m is then expressed as m = ∇u m . 
where H 1 (.) is the first-order Hilbertian Sobelov space. Applying standard variational methods to (2) and considering the cohesive contribution (Matouš et al., 2008) , the principle of virtual work yields
where t is the macroscopic tractions in the adhesive layer. Using the first-order homogenization theorem, one can employ the Hill's lemma (Hill, 1985) to evaluate the potential energy density of a macroscopic point as the average energy density at its corresponding microscopic RVE,
where M and m denote the free energy densities at the macroand micro-scales, respectively. The microscopic energy potential is defined as Matouš et al. (2008) 
where the microscopic stress tensor is given by σ m = C :
(C is the elasticity tensor). One can use this relation to derive the weak form of the problem at the microscale as follows: Find u m such that
By combining the equations above, the macroscopic traction vector applied to the adhesive RVE can be evaluated as
This equation establishes the interconnection between two scales, as computing t requires approximating (6) and (9) to obtain the macroscopic displacement jump [[u M ] ] and the microscopic displacement field u m , respectively.
Damage model
An isotropic damage model is adopted to simulate the failure response of the adhesive layer. In this model, the damage parameter ω is used to mitigate the potential energy in the damaged state,
where¯ m ( m ) is the energy potential of the intact material at the microscale. The Clausius−Duhem inequality is then expressed as
where the stress tensor σ m and the free energy potential function m at the microscale are evaluated using (8). The initiation and propagation of damage in the material are evaluated as
where χ t is an internal state variable that tracks the magnitude of damage. A Weibull distribution function is used to describe the damage process as
where in m is the energy threshold for damage, and p 1 and p 2 are scale parameters that determine the shape of G( m ). The rate of the damage progressionω in the material is evaluated aṡ
whereκ is the damage consistency parameter. The viscous regularization scheme (Chaboche et al., 2001 ) is also implemented to reduce the mesh dependency effects associated with the continuum damage model. Note that the damage model described above enables simulating the damage process in a material subjected to mixed mode loading, as the magnitude of damage is characterized based on the strain energy at each point. We implement the modified Newton-Raphson to solve the discretized form of this nonlinear problem as
where n represents the current loading step (macroscopic displacement jump), i is the current iteration, u m denotes the incremental microscopic displacement vector. The consistent tangent operator K in the above equation is evaluated by linearizing (16), which can be written as
In the equation above, B is the strain-displacement matrix, A denotes the finite element assembly operator, and n el is the number of finite elements. For more implementation details regarding the linearization of the damage law and the tangent operator, refer to Matouš et al. (2008) .
Automated mesh-independent modeling
HIFEM formulation
In this section, we provide a brief overview of the higher-order HIFEM formulation, originally presented in Soghrati and Barrera (2015) , for approximating the weak form of the microscopic problem given in (9). Using a structured finite element mesh to discretize the adhesive RVE, the HIFEM approximation of the microscopic displacement field u h m is given by
where the first term is the standard FEM solution using an n-tuple set of second-order Lagrangian shape functions {N
and the second term is the contribution of an n en -tuple set of enrichment func-
to simulate stress discontinuities along materials interfaces emanating from the mismatch between mechanical properties of each phase. Also, u i is the nodal vector of the displacement
is the generalized degrees of freedom (enrichment vector) at the jth interface node associated with the hth materials interface intersecting with the element edges, and s (h) j is a scaling factor that ensures the construction of a well-conditioned stiffness matrix .
The hierarchical process of sub-triangulating a nonconforming (parent) six-node element and constructing the integration (children) elements used to evaluate the HIFEM enrichment functions is depicted in Fig. 2 . In this algorithm, the children elements associated with the first materials interface cutting the parent element edges are labeled as the first level of hierarchy. These children elements then serve as parent elements for the second materials interface intersecting with the original parent (root) element. This hierarchical discretization scheme is continued until all materials interfaces are visited and resulting children elements and interface nodes are stored in a tree data structure. The HIFEM enrichment function in a nonconforming element cut by n hl materials interfaces, where n hl also refers to the number of hierarchical levels, can be computed as
where n Other enrichment functions can be computed recursively in a similar fashion. A more detailed description of the HIFEM formulation, together with required considerations for the accurate numerical integration in this method is provided in Soghrati (2014) ; Soghrati and Barrera (2015) .
It must be noted that incorporating the mid-edge points of higherorder parent elements in constructing the children elements can lead to highly distorted sub-elements, which deteriorates the accuracy and computational efficiency of the HIFEM. To eliminate this issue, we implement a special iso-distance mapping between the local and global configurations, which preserves a constant Jacobian determinant for each element (Soghrati and Barrera, 2015) . The effect of this mapping can easily be incorporated in the HIFEM formulation by modifying the Lagrangian shape functions used for evaluating the enrichment functions as follows
,
, where (ξ , η) are local coordinates and λ 1 , λ 2 , and λ 3 are the aspect ratios associated with mid-edge points of the parent element, as shown in Fig. 2b .
Modeling the adhesive heterostructure
As noted previously, the high fidelity simulation of the failure response of the adhesive layer requires the ability to realistically incorporate micro-heterogeneities, voids, and adherends surface roughness in the HIFEM models of the RVE. To achieve this goal, we introduce a new digital prototyping algorithm that leverages the mesh-independent modeling capability of the HIFEM to automatically construct virtual models of the adhesive RVE. Each step of this algorithm is schematically illustrated in Fig. 3 and explained in details in the remainder of this section.
The first step of constructing virtual adhesive RVEs is to characterize the geometry of embedded particles and pre-existing pores based on imaging data. To accomplish this task, we use the SEM image of a heterogeneous adhesive with embedded glass particles, as shown in Fig. 3a Kawaguchi and Pearson (2003b) . The non-uniform rational basis-splines (NURBS) (Piegl and Tiller, 1987; Bhandari et al., 2007) functions are employed to parametrically describe the shape of each particle/pore (Fig. 3b) . NURBS can easily simulate particles and surfaces with complex morphologies using relatively few control points, which allows for creating a virtual library of particles. The average size of particlesD and their standard deviation from normal distribution D v are also evaluated based on these SEM images, as illustrated in Fig. 3c . Finally, the surface roughness of adherends is characterized based on its average amplitude A and average wavelength λ, which are implemented to determine coordinates of the NURBS control points defining each surface.
The morphological and statistical information extracted from imaging data are then used to create new virtual models with desired microstructural features by changing the particles volume fraction (V f ), voids volume fraction (V v ), and surface roughness (A, λ) to investigate the impact of each parameter on the failure response of the adhesive (Fig. 3d) . This process begins with constructing a simplified raw virtual model of the adhesive RVE with elliptic-shaped embedded inclusions via the random sequential absorption (RSA) algorithm (Feder, 1980; Pan et al., 2008; Kari et al., 2007) , as shown in Fig. 3e . These inclusions are circumscribing ellipses to the actual embedded particles (voids) in the adhesive RVE, for which radii are evaluated based on the values ofD and D v . A surjective mapping is established between glass particles/voids belonging to the NURBS shape library and the elliptic inclusions embedded in the raw microstructure.
To construct the raw microstructure via the RSA algorithm, we first generate a set of random coordinates of center points and orientation of principal radii of elliptic inclusions. An inclusion is created at a designated location only if it does not overlap with any inclusion added previously. Exception is made when an inclusion corresponding to a glass particle intersects with an existing one mapped to a pore in the adhesive matrix, as pores can realistically form along the surface of embedded particles. To ensure the raw virtual model has a periodic microstructure, for each inclusion intersecting with either of the side edges, another inclusion is simultaneously created with a similar orientation at a distance l 1 (length of the RVE) on the opposite side, as shown in the inset of Fig. 3e . The periodic boundary condition in then imposed by assigning the same equation number to the mesh nodes and interface nodes located along the left and right edges. The process of inserting elliptic inclusions begins from the largest size and continues until it reaches the smallest ellipse to reduce the probability of overlap between new and existing inclusions, which improves the computational efficiency. It must be noted that although the RSA algorithm becomes computationally expensive for virtual modeling of materials with a high volume fraction of heterogeneities, the volume fraction of embedded particles in adhesives is often small (less than 20%); thus the RSA algorithm is an appropriate method for constructing the raw microstructures in this work.
Using the mapping established between elliptic inclusions and actual particles in the virtual shape library, the raw adhesive microstructure is then transformed into a more realistic model by replacing each inclusion with its corresponding inscribed particle (pore) characterized in terms of NURBS functions (Fig. 3f) . By determining the location, orientation, and size of embedded particles based on the center point and radii of their corresponding ellipses, this step can easily be accomplished by first scaling and then rigid body transformation of the NURBS control points of each geometric entity. Owing to the fully mesh-independent capability of the HIFEM, each particle/void can simultaneously be interacted with the structured mesh discretizing the adhesive RVE to construct the children elements needed for evaluating the enrichment functions. Note that the HIFEM can easily handle the overlap between glass particles and pores via the hierarchical enrichment scheme described in Section 3.1. The NURBS description of the adherends surface morphology is incorporated in the discretized model in a similar fashion. Fig. 3g illustrates the application of this automated algorithm for constructing two virtual models of the adhesive RVE with different microstructural features. 
Effect of RVE size
The heterogeneous adhesive studied in this work consists of two phases: a polymer matrix with elastic modulus E = 2.0 GPa and Poisson's ratio ν = 0.4 and embedded glass particles with E = 71.7 GPa and ν = 0.17 (Fu et al., 2008; Sarathi et al., 2007) . Based on the experimental data provided in Corporation (2013), the damage response of the matrix is characterized using in m = 152 (J/m), p 1 = 25, and p 2 = 1.3. A viscous parameter of μ = 19 s −1 is used to mitigate the mesh bias associated with the isotropic damage model in the viscous regularization scheme (Ortiz and Pandolfi, 1999) . As shown in Fig. 1 , the thickness of the adhesive layer in all simulations is assumed to be l c =1 mm.
To determine the appropriate size of the RVE, we study the effect of four domain lengths, l 1 = 3 mm, 5 mm, 7.5 mm, and 10 mm on the failure response of the adhesive (V f = 10%). Fig. 4a illustrates the HIFEM approximation of the traction-separation laws in each model subjected to the macroscopic out-of-plane displacement jump [[u M 3 ] ]. The macroscopic tractions used for the evaluation of the tractionseparation laws are computed by integrating the microscopic stress field over all the elements discretizing the domain. As shown in that figure, the simulated cohesive law corresponding to the smallest RVE (l 1 = 3 mm) shows a notable size dependence compared to those obtained for larger RVEs. Based on this study, we adopt l 1 = 7.5 mm as the RVE length, although l 1 = 5 mm could have also been an acceptable (but less conservative) choice.
It must be noted that each curve in Fig. 4a is obtained by averaging the results of five HIFEM simulations with similar volume fractions but with distinct heterostructures created using the automated algorithm described in Section 3.2. The level of representativeness of the selected RVE is illustrated in Fig. 4b , which shows the variations of traction for the five heterostructures under the same displacement jump. The inset of this figure shows the deviation of five results from the average value (less than 1%), indicating that the impact of the microstructural uncertainty on the computed traction-separation law is negligible. Same strategy (averaging the results of five different simulations) has been repeated in the following sections to mitigate the impact of microstructural uncertainties on the resulting cohesive laws. Fig. 5 shows four snapshots of the damage pattern at different stages of the simulation for an RVE with l 1 = 7.5 mm, which demonstrates the ability of the HIFEM to capture the initiation of damage in the vicinity of glass particles due to higher stress concentrations in such regions (Fig. 5a) . The damage then propagates horizontally in the adhesive layer and eventually leads to complete failure, as depicted in Fig. 5d . The inset of that figure shows a small portion of the 375 × 50 structured mesh of second-order triangular elements discretizing the RVE, which has also been employed for performing all the HIFEM simulations presented in following sections.
Effect of particles volume fraction
In this section, we study the effect of glass particles volume fraction on the failure response of five adhesive RVEs with V f = 3%, 6%, 10%, 15%, and 20%. Fig. 6 illustrates the distribution of damage at the failure point in three of these RVEs subjected to in-plane deformation (shear), which shows significant changes in the damage pattern for different volume fractions of particles. Since embedded particles serve as sites of stress concentrations and thus damage initiation in the adhesive, a more tortuous damage pattern is observed in RVEs with higher glass volume fractions.
To better characterize the effect of particles volume fraction on the failure response, the normal and tangential cohesive envelops obtained from HIFEM simulations for each RVE are depicted in Fig. 7a and b . These results are obtained by applying 20 different combinations of in-plane and out-of-plane deformations with similar magnitudes to the RVEs. The inset of each figure illustrates the 2D traction-separation laws for two extreme cases, i.e., pure out-of-plane and pure in-plane deformations. According to Fig. 7a and b, increasing the volume fraction of glass particles has a negligible impact on the maximum traction (t max ) sustained by the adhesive layer before failure. This effect is better illustrated in Fig. 7c , indicating that adding more glass beads to the adhesive matrix can decrease t max when the RVE is subjected to out-of-plane loading. Such a behavior can be attributed to the presence of more sites of stress concentrations and thus damage initiation in RVEs with higher volumes of glass particles. Furthermore, as shown in Fig. 7d , the higher the volume fraction of glass particles, the higher the stiffness of the adhesive layer before entering the softening region. However, as depicted in Fig. 7e , this improved stiffness comes at the price of decrease in the fracture energy G (the area under each curve). It is also worth noting that the ratio of the stiffness to fracture energy remains nearly constant for different values of the glass volume fraction. 7 . Effect of glass particles volume fraction (V f = 3%, 6%, 10%, 15% and 20%) on the failure response of the adhesive: (a,b) normal and tangential cohesive envelopes; variations of (c) peak stress tmax, (d) stiffness k, and (e) fracture energy G versus V f for adhesive RVEs subjected to pure in-plane and out-of-plane deformations.
Effect of pre-existing pores
While pre-existing flaws such as pores and disbonded regions are frequently observed in cured adhesives, their impact on the failure response has not been investigated in previous computational studies attempting at simulating the damage process in the adhesive heterostructure. In this section, we investigate the effect of four different void volume fractions (V v = 0%, 0.2%, 0.5%, and 1%) on the mechanical behavior of an adhesive RVE with V f = 10%. As noted previously, since the pre-existing pores are randomly distributed within the adhesive microstructure, five simulations with distinct heterostructures are carried out for each volume fraction to evaluate the traction-separation law as the average of results. However, the fluctuation of the computed values of traction for a given macroscopic displacement jump between the five simulations is negligible, which indicates the appropriateness of the RVE size. The outcome of this study is presented in Fig. 8 , which shows that even a small volume fraction of voids (V v = 0.2%) has a notable impact on reducing the fracture energy. This figure also shows that, while a higher pore percentage has a negligible impact on the stiffness of the adhesive layer, it deteriorate the peak traction sustained before failure. As depicted in Fig. 8a , these effects are more pronounced when the adhesive RVE is subjected to out-of-plane deformation. Fig. 9 illustrates the damage patterns in two adhesive RVEs with similar embedded heterogeneities but with different pore volume fractions (V v = 0.2%, 1%) subjected to in-plane deformation. Intermediate stages of the damage in the adhesive RVEs are depicted in Fig. 9a and c, which clearly illustrate the initiation of damage (crack nucleation) in the vicinity of voids due to high stress concentrations. These figures also indicate that embedded glass particles effectively stop the progression of damage emanating from such pre-existing defects, which is crucial to localizing this effect and avoiding the early failure of the adhesive layer. Furthermore, comparing Fig. 9b and d shows that although the location and morphology of embedded glass particles are similar in both RVEs, the higher volume fraction of pores in the latter (V v = 1%) leads to a completely different damage pattern. In this case, the failure path is governed by the location of voids serving as sites of crack nucleation, which eventually link to one another to create a less tortuous pattern. A small portion of the background structured mesh used for creating the discretized model is depicted in the inset of Fig. 9d to emphasize the unique capability of the HIFEM to handle multiple materials interfaces that are in close proximity or intersecting with one another in each nonconforming element.
Effect of adherends surface roughness
To our knowledge, the impact of the adherends surface roughness on the mechanical behavior of adhesive-bonded joints has not been addressed in previous computational works, as all models studied in the literature are built based on the assumption of straight adhesive/adherend interface similar to that depicted in Fig. 9 . However, it would be logical to hypothesize that microscopic roughness of adherends surfaces with comparable length scales to those of the embedded particles in the matrix would potentially affect the failure response of the adhesive layer. Note that in many realworld applications of adhesive-bonded joints involving metallic components, a galvanized coating layer is deposited on the surface of the substrate metal to increase its resistance against environmental corrosion, which leads to such microscopic roughnesses on the adherends surfaces.
Effects of different values of amplitude A and wavelength λ, which quantify the adherends surface roughness, on the failure response of the adhesive layer are illustrated in Fig. 10a and b, respectively. In these simulations, the RVEs are subjected to a mixed-mode load with equal in-plane and out-of-plane magnitudes. The volume fraction of embedded particles and pores are assumed to be V f = 15% and V v = 0.5%, respectively. According to Fig. 10a , for a constant value of λ, changing the amplitude A has a negligible impact on the cohesive law. However, Fig. 10b indicates that decreasing the wavelength λ, while keeping A constant can slightly reduce the fracture energy G, although it still does not affect the peak traction sustained before failure.
It must be noted that the overall fracture toughness of an adhesive joint is characterized based on two different failure mechanisms: (i) the cohesive failure due to damage propagation within the adhesive layer, which is the subject of the current manuscript; (ii) debonding across the interface between the adhesive layer and adherends (adhesive failure), which is not addressed in this work and must be quantified using alternative numerical techniques such as the molecular dynamics (MD) (Tsige and Stevens, 2004; Izrailev et al., 1997) . While the surface roughness of the substrate increases its bonding area with the adhesive, which can prohibit the adhesive failure, it has a negligible impact on the deterioration of the cohesive failure response (Fig. 10) . Thus, introducing an engineered roughness to the surface of the substrate can potentially improve the structural performance of the joint by preventing adhesive failure, although further studies are necessary to verify this statement.
As shown in Fig. 10 , the deterioration of the traction-separation law in adhesive layers with surface roughness is mainly observed in the form of reduction in the fracture energy G, which can be attributed to stress concentrations (sites of damage nucleation) induced by the non-smooth adhesive/adherend interface. However, since neither the peak traction nor the stiffness are deteriorated in the presence of such microscopic roughnesses, one can hypothesize that the damage pattern in the adhesive RVE does not significantly change with different bonding surfaces. The damage patterns in two adhesive RVEs with low and high surface roughnesses are depicted in Fig. 11a and b, respectively. These figures confirm this hypothesis, as the damage patterns in both RVEs share significant similarities, although the impact of the surface roughness on the damage initiation in the vicinity of the adhesive/adherend interface is clearly observable in the inset of Fig. 11b . This figure also illustrates the ability of the HIFEM solver for modeling the complex adhesive heterostructure using a simple structured mesh.
Conclusion
A fully mesh-independent FEM (HIFEM), together with a new virtual prototyping algorithm, was implemented to investigate the impact of various microstructural features on the failure response of adhesive-bonded joints. An isotropic elastic damage model was adopted to simulate the initiation and progression of damage in the adhesive layer. The prototyping algorithm introduced in this work combines the random sequential algorithm (RSA) and non-uniform rational basis-splines (NURBS) shape functions to create realistic virtual models of the adhesive microstructure. This algorithm was also integrated with the HIFEM solver to enable the automated modeling of the heterogeneous adhesive RVE and simulating its failure response using simple structured meshes.
A comprehensive parametric study was presented to quantify the effects of embedded particles volume fraction, pre-existing pores, and adherends surface roughness on the cohesive law of the adhesive layer. Key observations of this study can be summarized as follows: (i) increasing the volume fraction of glass particles increases the stiffness of the adhesive layer but simultaneously decreases its fracture energy. (ii) A small volume fraction of voids has a notable impact on reducing both the fracture energy and a less pronounced effect on deteriorating the peak traction sustained before failure, although does not affect the stiffness of the adhesive. (iii) Microscopic roughness of the substrate surface with similar characteristics length scale as those of embedded particles slightly reduces the fracture energy but does not affect the stiffness and strength.
